Specific internalization of endostatin into endothelial cells has been proved to be important for its biologic functions. However, the mechanism of endostatin internalization still remains elusive. In this study, we report for the first time that both caveolae/lipid rafts and clathrin-coated pits are involved in endostatin internalization. Inhibition of either the caveolae pathway or the clathrin pathway with the use of chemical inhibitors, small interfering RNAs, or dominant-negative mutants alters endostatin internalization in vitro. 
Introduction
In eukaryotic cells, endocytosis is an important cellular process to internalize various cargo molecules and to regulate signal transduction pathways. Clathrin-coated pits and caveolae are 2 of the most recognizable features of the plasma membrane of mammalian cells. The importance of clathrin-mediated endocytic pathway in uptake, trafficking, recycling, and degradation of the internalized compartments has been extensively studied. 1 Caveola/lipid raft-mediated, clathrin-independent endocytosis has emerged as another crucial trafficking pathway. 2 Caveolae and lipid rafts, membrane domains enriched in cholesterol and glycosphingolipids, have been found to participate in many cellular events, including cholesterol trafficking and internalization of certain toxins, viruses, GPI-anchored proteins, and many other cargos. 3, 4 Accumulating evidence supports the notion that the caveola/ lipid raft pathway and the clathrin-dependent pathway are not as discrete as traditionally considered. Both caveolae/lipid rafts and clathrin-coated pits have been reported to participate in the endocytosis of many cargoes such as endothelin receptor type A, 5 TGF-␤ receptors, 6 B-cell Ag receptor, 7 prion, 8 bone morphogenetic protein receptor, 9 HM1.24, 10 and integrins. [11] [12] [13] Comprehending the mechanisms of distinct endocytic pathways may help discover additional conduits for drug uptake, for instance, the internalization of daidzein-BSA-GdDTPA/CyTE777, a daidzein-BSA-based contrast media, involves 2 competing routes: caveola-and receptormediated pathways. Suppression of caveola-mediated internalization by nystatin remarkably increases the uptake of such contrast media by tumor cells. 14 Recently, Ishida et al 15 reported that a copper chelator enhances the uptake and the therapeutic efficacy of cisplatin in cancerous tissues via attenuating the competing effect of copper on cisplatin uptake.
Endostatin, a 183-aa C-terminal fragment of type XVIII collagen, is a potent inhibitor of angiogenesis. 16 It can inhibit the proliferation, migration, and tube formation of endothelial cells, thus eventually impeding angiogenesis and tumor growth. 16, 17 Specific internalization of endostatin into endothelial cells has been observed and proved to be important, if not essential, for the biofunctions of endostatin. 18, 19 Although a number of endostatinbinding proteins, such as cell surface nucleolin, integrins, tropomyosin, glypicans, and laminin, have been identified as potential endostatin receptors, [19] [20] [21] [22] [23] [24] [25] the exact molecular mechanism of endostatin internalization still remains obscure. Endostatin is known to associate with lipid rafts through interaction with integrin ␣ 5 ␤ 1 and caveolin-1 (Cav1). 26, 27 Cav1 is an adaptor protein and the main coat component of caveola, 3 which is abundant in endothelial cells (in which 30% of the cell surface can be occupied by caveolae), adipocytes, smooth muscle cells, and fibroblasts. 2 Besides, endostatin-induced lipid raft clustering is observed by Zhang et al 28 and Jin et al 29 in endostatin-treated endothelial cells and can be disrupted by nystatin or methyl-␤-cyclodextrin. In general, these studies indicate the involvement of caveolae/lipid rafts in cell surface attachment of endostatin and the potential role of caveolae/lipid rafts in subsequent internalization of endostatin. However, data on the functions of caveolae/lipid rafts in endostatin internalization are still scarce.
In this study, we aim to study the contributions of caveolae/lipid rafts and other pathways in mediating the internalization of endostatin.
By applying pharmacologic and molecular manipulations to selectively disrupt distinct endocytic pathways, we found that internalization of endostatin requires not only caveolae/lipid rafts but also clathrin-coated pits. Remarkably, cholesterol sequestration by nystatin switches endostatin internalization from caveolae/lipid rafts to clathrin-coated pits, leading to a significantly augmented endostatin uptake by endothelial cells. In addition, nystatin-enhanced internalization of endostatin increases its inhibitory effects on endothelial cell migration, tube formation, and VEGF-induced ERK and p38 MAPK activation in vitro. Moreover, combined treatment with nystatin and endostatin selectively enhances endostatin uptake and biodistribution in tumor blood vessels and tumor tissues but not normal tissues, which leads to increased antiangiogenesis and antitumor efficacies of endostatin. Taken together, our results shed light on the mechanism involved in endostatin internalization and indicate the possibility of enhancing the uptake and therapeutic efficacy of endostatin through manipulating distinct endocytic pathways with cholesterol-sequestering agents.
Methods

Reagents, Abs, and plasmids
Nystatin, filipin III, cholesterol, chlorpromazine, FITC-conjugated cholera toxin B subunit (FITC-CTB), and transferrin were from Sigma-Aldrich. Solubilized amphotericin B was from Amresco. Recombinant human endostatin and angiostatin were from Protgen. Biotin-, rhodamine-(Rh-), and FITC-labeling kits (Pierce) were used to label endostatin and transferrin. VEGF 165 was from R&D Systems. Mouse anti-endostatin mAb was from Oncogene Research Products. Abs against Cav1, ␤-actin, clathrin heavy chain, glypicans-1, phospho-ERK1/2, ERK1/2, phospho-p38 MAPK, and p38 MAPK were from Santa Cruz Biotechnology. Abs against CD31 and angiostatin were from BD PharMingen. Abs against lamin B and transferrin receptor were from Bioworld Technology. Green fluorescent protein (GFP)-tagged Cav1 and clathrin light chain were provided by Du Feng (Tsinghua University). GFP-tagged dominant-negative mutant of Eps15 (Eps15-DIII) and D3⌬2 were provided by Alexandre Benmerah (Cochin Institute). 30 
Cell culture and transfections
Primary HUVECs were isolated from freshly delivered umbilical cords and maintained as previously described. 31 HMEC, an HDMEC cell line (Sciencell) transfected with SV40 large T Ag, was cultured as previously described. 32 A549 cell line was purchased from ATCC. Transfection was performed with FuGene HD (Roche Applied Science). Cav1 (5Ј-CCAGAAGGGACACACAGTT-3Ј and 5Ј-CAGGGCAACATCTA-CAAGC-3Ј), clathrin heavy chain (CHC; 5Ј-GTAATCCAATTCGAA-GACC-3Ј and 5Ј-CCUGCGGUCUGGAGUCAAC-3Ј), and control small interfering RNAs (siRNAs) were from Genechem.
Endostatin internalization assays
HUVECs were treated with culture medium containing indicated concentrations of nystatin, cholesterol, filipin III, or chlorpromazine for indicated time periods, followed by incubation with 5 g/mL endostatin at 37°C for 30 minutes. Next, cells were washed with acidic buffer (pH ϭ 3.5) and ice-cold PBS to remove cell surface binding endostatin. Subsequently, the cells were examined for endostatin internalization. For VEGF-induced MAPK and ERK activation assay, HUVECs were treated with nystatin or endostatin or both, stimulated with VEGF 165, and then examined for p38 MAPK and ERK phosphorylation.
Isolation of Triton-soluble and -insoluble fractions
Triton-soluble and -insoluble fractions of cell lysate were prepared as previously described. 27 In brief, cells were harvested, resuspended in 0.5 mL of 25mM 2-(N-morpholino)ethanesulfonic acid, pH 6.5, 0.15M NaCl that contained 1% Triton X-100 and protease inhibitors (Roche Applied Science), and incubated on ice for 30 minutes. The whole-cell lysates were separated into Triton-soluble and Triton-insoluble fractions with the use of OptiPrep Density Gradient Medium (Sigma-Aldrich).
Flow cytometric analysis
HUVECs were treated with indicated concentration of nystatin, incubated with 20 g/mL Rh-conjugated endostatin (Rh-endostatin) for 30 minutes at 37°C. Cells in the negative control group were incubated with 20 g/mL nonconjugated endostatin without nystatin treatment. Afterward, cells were washed with cold acidic buffer to remove unbound and surface-bound endostatin. Cells (10 5 ) were then subjected to FACSCalibur flow cytometric system (Becton Dickinson) to monitor the mean fluorescence intensity of Rh-endostatin.
Immunofluorescence
HUVECs (10 4 cells/mL) were cultured on coverslips and transfected with indicated plasmids for 48 hours. Then the cells were incubated with indicated agents, including nystatin, Rh-endostatin, biotin-endostatin, and FITC-CTB. Cells were further fixed, stained with Abs and 4Ј,6-diamidino-2-phenylindole (DAPI), and analyzed with a Nikon A1 laser scanning confocal microscope and NIS-Elements Software (Nikon) at room temperature.
Tube formation assay and cell migration assays
Tube formation assay, transwell migration assay, and scratch wound healing assay of HUVECs were performed as described. 31 In each assay, HUVECs were treated with saline, nystatin, endostatin, or a combination of nystatin and endostatin. Tube length, migrated cell number, and percentage of wound closure were measured with Image-Pro Plus 5.1 software (Media Cybernetics).
Animal studies
All animal studies were approved by the Institutional Animal Care and Use Committee of Tsinghua University. A549 tumor cells (10 6 ) were mixed with Matrigel and injected into the flanks of nude mice subcutaneously. Saline, endostatin (4 mg/kg intravenously), nystatin (4 mg/kg intraperitoneally), or a combination of endostatin and nystatin were injected after the tumor volume approached 0.1 cm 3 . After 14 daily injections, mice (n ϭ 6/group) were killed, and the tumors were resected, weighed, and applied to immunofluorescent staining. Tumor volumes were measured every 3 days. Rh-conjugated endostatin (20 mg/kg), 125 Iodine-conjugated endostatin [specific radioactivity, 1 Ci/g (0.037 Bq/g); 0.25 mg/kg], or biotinconjugated endostatin (20 mg/kg) was intravenously injected into A549 tumor-bearing mice (n ϭ 4/group) combined with or without nystatin (4 mg/kg intraperitoneally) when the tumor volume approached 0.3 cm 3 . Rh-endostatin uptake by tumor was examined with ex vivo bioluminescence imaging system. 33 125 Iodine-endostatin uptake levels in selected tissues were counted for radioactivity by a 1470 Wizard Gamma Counter (PerkinElmer). Biotin-endostatin uptake by tumor blood vessels was assessed by immunofluorescent staining with DAPI, tetramethyl-rhodamine isothiocyanate (TRITC)-streptavidin (Pierce), and anti-CD31 staining (FITC).
Results
Cholesterol sequestration increases endostatin internalization in endothelial cells
Because endostatin has been found to associate with clustered lipid rafts on plasma membrane, possibly through direct interaction with Cav1, integrin ␣ 5 ␤ 1 , and heparan sulfate proteoglycan glypican, [26] [27] [28] [29] we first queried whether caveolae/lipid rafts are engaged in the process of endostatin internalization. Before endostatin incubation, HUVECs were treated with nystatin, a cholesterolsequestering, polyene antibiotic agent. 34 Nystatin was shown to selectively interrupt caveola/lipid raft-dependent endocytosis without affecting clathrin-mediated internalization. 35 Cells were treated with nystatin of various concentrations or for different time courses and then incubated with endostatin. Internalized endostatin was examined by immunoblotting. Unexpectedly, the internalization of endostatin was remarkably increased by nystatin in a dose-and time-dependent manner ( Figure 1A-B) . The increased endostatin internalization by nystatin was observed not only in the whole-cell lysate but also in the cytosolic fraction and the nuclear fraction ( Figure 1C ). In addition to nystatin, 2 other commonly used cholesterol-sequestering agents, filipin III and amphotericin B, also exhibited promoting effects on endostatin internalization (supplemental Figure 1A , available on the Blood Web site; see the Supplemental Materials link at the top of the online article). The promoting effect of nystatin on endostatin uptake was also ascertained in human microvascular endothelial cells 32 but not in A549 human lung carcinoma cells (supplemental Figure 1B) . Consistent with our previous observation, 24 internalization of endostatin in cancer cells was negligible, therefore showing no response to nystatin treatment. HUVECs treated with the indicated concentrations of nystatin or other reagents for 24 hours exhibited no substantially diminished cell viability (supplemental Figure  1C ). Unlike endostatin, the internalization of angiostatin, 36 another angiogenesis inhibitor, remained unaffected on nystatin treatment (supplemental Figure 1D) .
To assess the role of cholesterol in endostatin internalization, we resupplied nystatin-treated HUVECs with cholesterol before endostatin incubation. As shown in Figure 1D , nystatin-enhanced endostatin internalization was compromised by cholesterol replenishment in a dose-dependent manner, indicating the involvement of cholesterol in the internalization of endostatin. However, cholesterol alone hardly affected endostatin internalization, possibly because of the existing cholesterol balance on plasma membrane.
Nystatin-enhanced endostatin internalization was further substantiated by flow cytometry. Internalization of Rh-endostatin was increased 1.4-and 2.1-fold by 10 and 25 g/mL nystatin, respectively ( Figure 1E-F) . Likewise, amphotericin B, another cholesterol chelator analogous to nystatin, also increased Rh-endostatin internalization in HUVECs (supplemental Figure 2A) . Flow cytometric analysis showed that cell-surface binding of endostatin was not apparently elevated by nystatin treatment, ruling out the possibility that nystatin-enhanced endostatin internalization might be because of augmented cell-surface association of endostatin (supplemental Figure 2B -C). In the immunofluorescence assay, internalization of Rh-endostatin was dramatically promoted by nystatin. As shown in Figure 1G and H, the mean fluorescence intensity of Rh-endostatin was increased 2-fold on nystatin treatment. In summary, these results show that endostatin internalization in endothelial cells is significantly enhanced by cholesterol sequestration.
Both caveolae/lipid rafts and clathrin-coated pits are involved in endostatin internalization
Sudhakar et al 25 identified integrin ␣ 5 ␤ 1 as one of the endostatin receptors. Integrin ␣ 5 ␤ 1 was found to be internalized through not only clathrin-mediated but also caveolar endocytosis. [11] [12] [13] Our previous studies established that the angiogenesis-related surface nucleolin functions as another functional receptor of endostatin. 24, 37 Interestingly, surface nucleolin was also found to associate with lipid rafts and clathrin-dependent internalization. 38, 39 Given the aforementioned observations, we speculated that endostatin internalization is mediated by both caveolae/lipid rafts and clathrincoated pits. To investigate the role of clathrin-coated pits in endostatin internalization, we treated the cells with chlorpromazine, an inhibitor of clathrin-coated pit formation, 40 combined with nystatin, and then performed endostatin internalization assay. Intriguingly, chlorpromazine dose-dependently compromised nystatin-enhanced endostatin internalization in endothelial cells (Figure 2A ). In addition, chlorpromazine alone was able to decrease endostatin internalization ( Figure 2B ). In contrast, internalization of biotin-labeled transferrin, a marker for clathrin-mediated endocytosis, was dose-dependently abrogated by chlorpromazine but unaffected by nystatin.
Knocking down of Cav1 and CHC with the use of specific siRNAs showed that either Cav1 or CHC siRNA prohibited endostatin internalization ( Figure 2C ). On Cav1 and CHC double knockdown, endostatin internalization was diminished to a larger extent. When treated with nystatin, Cav1 knockdown cells exhibited a similar increase in endostatin internalization comparable to scramble siRNA-transfected cells. One feasible explanation is that, because nystatin treatment largely blocks caveola/lipid raft pathway, nystatin-enhanced endostatin internalization will not be influenced by Cav1 knockdown. Moreover, on nystatin treatment, CHC knockdown (si-CHC and si-Cav1-CHC) cells showed a dramatically abrogated internalization of endostatin, a consequence of the synergistic effects of caveolae/raft inhibition by nystatin plus clathrin pathway inhibition by si-CHC. A second set of siRNAs against Cav1 and CHC were used in parallel to confirm these findings. Consistent results were obtained (supplemental Figure 2D) .
To further confirm the participation of clathrin-mediated pathway in endostatin internalization, we overexpressed GFP-tagged Eps15-DIII in HUVECs. Eps15, which binds directly to the adaptor protein AP-2, is essential for the clathrin-mediated endocytosis. Overexpression of Eps15-DIII can selectively sabotage clathrinmediated endocytosis. 30 GFP-tagged Eps15-DIII⌬2 served as a wild-type control, which had no effect on clathrin-mediated endocytosis. Rh-endostatin uptake was dramatically blocked in those cells efficiently transfected with Eps15-DIII ( Figure 2D top) . On nystatin treatment, Rh-endostatin uptake was considerably suppressed in Eps15-DIII-transfected cells because of double blockade by nystatin and Eps15 mutant, in marked contrast to the nystatin-enhanced Rh-endostatin uptake by surrounding untransfected cells (Figure 2D bottom) . Cells transfected with Eps15-DIII⌬2 (wild-type control) showed no difference in Rh-endostatin uptake compared with surrounding untransfected cells, in either the nontreated or nystatin-treated condition ( Figure 2E ). The inhibitory effect of Eps15-DIII on endostatin internalization was also confirmed by immunoblotting ( Figure 2F ). Together, these results show that inhibition of either caveolae or the clathrin pathway with chemical inhibitors, siRNAs, or dominant-negative mutants alters endostatin internalization, suggesting that both caveolae/lipid rafts and clathrin-coated pits are required for endostatin internalization.
Cholesterol sequestration switches endostatin internalization from caveolae/lipid rafts to clathrin-coated pits
Wickstrom et al 27 demonstrated that endostatin associates with Triton-insoluble membrane fraction (lipid rafts) through its interaction with integrin ␣ 5 ␤ 1 , GPI-anchored heparan sulfate proteoglycan glypicans, and Cav1. Both filipin III and cyclodextrin treatments block the localization of endostatin in the lipid raft fraction of plasma membrane. However, a large reservoir of endostatin localized to Triton-soluble nonraft fraction is also observed. 27 To BLOOD
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further assess the localization of endostatin on cholesterol sequestration, whole-cell lysates of HUVECs were separated into Tritonsoluble nonraft fraction and Triton-insoluble raft fraction. As shown in Figure 3A , endostatin was present in both raft and nonraft fractions in the absence of nystatin. By contrast, the localization of endostatin in lipid raft fraction was remarkably diminished by nystatin. Interestingly, on nystatin treatment, the distribution of endostatin in nonraft fraction was dramatically increased, indicating a facilitated translocation of endostatin from lipid raft fraction to nonraft fraction. Two previously identified endostatin receptors, nucleolin and integrin ␣ 5 ␤ 1 , 24,25 were also examined. Nucleolin was found in both raft and nonraft fractions. Integrin ␣ 5 ␤ 1 was predominantly located in nonraft fraction, whereas a small portion of integrin ␣ 5 ␤ 1 in the raft fraction was noticed. By contrast, 2 other endostatin-interacting proteins, Cav1 and heparan sulfate proteoglycan glypican-1, were predominantly in the raft fraction. These observations were concordant with a previous work. 27 CTB enters cells predominantly via caveola/lipid raft pathway and is widely used as a marker for caveolae/lipid rafts. 41 As shown in Figure 3B , Rh-endostatin exhibited colocalization with FITCconjugated CTB, showed a similarity in endocytic feature between endostatin and CTB in untreated endothelial cells. By disrupting BLOOD, 9 JUNE 2011 ⅐ VOLUME 117, NUMBER 23 For personal use only. by guest on May 24, 2013. bloodjournal.hematologylibrary.org From colocalized with GFP-clathrin light chain (GFP-CLC) was elevated by nystatin treatment (Figure 3D ), which is in agreement with nystatin-promoted localization of endostatin into nonraft fraction ( Figure 3A) . As shown in Figure 3F , the translocation of endostatin from caveolae/lipid rafts into clathrin-coated pits caused by nystatin was further confirmed with the use of triple-staining confocal microscopy for GFP-CLC, Rh-endostatin, and anti-Cav1. Representative images and quantitative results ( Figure 3B-F) showed that endostatin exhibited partial colocalization with both Cav1 and CLC in nontreated endothelial cells. On nystatin treatment, the colocalization levels of endostatin with CTB and Cav1 was decreased by 2.3-and 2.2-fold, whereas intensive colocalization between endostatin and CLC was observed. In summary, these observations show that endostatin is distributed into not only lipid raft but also nonraft fractions in endothelial cells. Cholesterol sequestration with nystatin promotes the translocation of endostatin from caveolae/lipid rafts into clathrin-coated pits and makes the clathrin-mediated pathway the predominant conduit for endostatin internalization, leading to higher uptake efficiency of endostatin in endothelial cells.
Nystatin increases the inhibitory effects of endostatin on endothelial cell activities
Kim et al 42 elucidated the efficacy of endostatin to block VEGF signaling and VEGF-induced rapid p38 MAPK and ERK activation in endothelial cells. To determine whether nystatin-enhanced endostatin internalization leads to an elevated inhibitory efficacy, we assessed the effects of endostatin on VEGF-activated intracellular signaling pathways in the absence or presence of nystatin. As shown in Figure 4A , VEGF dramatically stimulated the phosphorylation and activation of p38 MAPK and ERK1/2. Unsurprisingly, endostatin inhibited VEGF-induced p38 MAPK and ERK1/2 activation. When combined with nystatin treatment, the inhibitory effects of endostatin on VEGF-activated signaling were further increased, possibly because of the promoted internalization and accumulation of endostatin by nystatin in endothelial cells. Nystatin treatment alone had no apparent effect on VEGF-induced p38 MAPK and ERK1/2 phosphorylation, which differs from a previous finding that acute cholesterol depletion (cyclodextrin or progesterone) elevated ERK activation. 43 The negligible effect, if any, of nystatin on p38 MAPK and ERK phosphorylation in our study was possibly because of the moderate cholesterol-sequestering condition (25 g/mL nystatin for 30 minutes) and different responses to cholesterol-binding agents in the presence of VEGF stimulation in endothelial cells. We further investigated whether nystatin promotes the inhibitory efficacies of endostatin on endothelial cell activities in vitro. As shown in Figure 4B and C, tube formation activity of HUVECs was decreased by 34% on endostatin treatment, while being decreased by Յ 60% on combined treatment with endostatin and nystatin. This difference in tube formation inhibition was considered significant because the inhibitory efficacy of endostatin was almost doubled by nystatin cotreatment. Nystatin alone had no measurable effect on endothelial tube formation activity. Likewise, amphotericin B cotreatment also promoted the inhibitory effect of endostatin on endothelial cell tube formation (supplemental Figure  3A-B) . Similarly, in VEGF-induced transwell migration assay ( Figure 4D ; representative images shown in supplemental Figure  3C ), endostatin-treated cells exhibited 50% decrease in transmigration activity, whereas endostatin plus nystatin cotreated cells exhibited Յ 80% decrease. A concordant result was also obtained in the scratch wound healing assay ( Figure 4E ; representative images shown in supplemental Figure 3D ). In comparison, the inhibitory effect of angiostatin on endothelial cell transwell migration was not promoted by nystatin (supplemental Figure 4) , consistent with the observation that nystatin has no influence on angiostatin internalization (supplemental Figure 1D) . In conclusion, these findings show that nystatin cotreatment enhances the inhibitory effects of endostatin on endothelial cell activities.
Nystatin facilitates endostatin uptake by tumors and tumor blood vessels
Fluorescence-labeled endostatin has been shown to selectively distribute in tumors and has been studied as a potential tumorimaging agent. 44 Because our in vitro data implied a strategy to promote endostatin uptake and efficacies with nystatin, we explored whether the uptake and biodistribution of endostatin can be enhanced by nystatin. After intravenous injection of Rh-endostatin together with or without intraperitoneal injection of nystatin, A549 tumors were resected and examined for Rh-endostatin signal with the use of a bioluminescence imaging system. As depicted in Figure 5A and B, nystatin regimen produced a 4.1-fold increase (P Ͻ .05) in Rh-endostatin uptake by tumor tissues.
To accurately evaluate endostatin uptake levels in tumors as well as normal tissues, we performed 125 Iodine-conjugated endostatin tumor uptake experiment in A549 tumor-bearing mice. After intravenous injection of 125 I-endostatin with or without intraperitoneal injection of nystatin, selected tissues (blood, heart, liver, spleen, lung, kidney, muscle, and tumor) were resected and counted for radioactivity. As shown in Figure 5C , nystatin cotreatment increased 125 I-endostatin uptake (percentage of injected dose per gram) in tumor tissues by 1.4-fold (P Ͻ .05). Although kidney is a major organ for urinary excretion of endostatin, nystatin did not elevate the uptake of 125 I-endostatin in kidney (P ϭ .11) or any other noncancerous organs of the mice, for that matter. These data indicate that nystatin selectively promotes the uptake and biodistribution of endostatin in tumors but not in healthy organs.
In view of the fact that endostatin is specifically localized to tumor blood vessels, 24 we examined whether the uptake of biotin-endostatin in tumor blood vessels is enhanced by nystatin regimen. As depicted in representative images and quantitative illustration ( Figure 5D-E) , nystatin cotreatment increased the colocalization level of biotin-endostatin within tumor blood vessels by 1.8-fold. In summary, these studies show that combined regimen with nystatin and endostatin dramatically facilitates targeted tumor uptake and tumor blood vessel distribution of endostatin.
Nystatin enhances the antitumor and antiangiogenic efficacies of endostatin
Because nystatin cotreatment remarkably promotes endostatin uptake by tumor blood vessels and tumor tissues, we further assessed the effects of nystatin regimen on endostatin's antitumor and antiangiogenic efficacies in an A549 xenograft tumor model. A549 tumor-bearing mice received a daily injection of saline, nystatin, endostatin, or a combination of nystatin and endostatin for 14 days. Compared with single-agent treatment with endostatin, combined treatment with nystatin and endostatin further decreased tumor volume by 28% ( Figure 6A ) and tumor weight by 36% ( Figure 6B ). Such difference in tumor growth inhibition was considered significant because the inhibitory efficacy of endostatin was almost doubled by nystatin cotreatment.
Nystatin-enhanced antiangiogenic effect of endostatin was also substantiated by monitoring blood vessel density in the same xenograft tumor model (Figure 6C-D) . In regard of tumor growth and angiogenesis, nystatin-treated mice displayed no appreciable difference compared with nontreated mice. These results testify that combined treatment with nystatin and endostatin synergistically promotes the antitumor and antiangiogenic activities of endostatin in A549 tumor-bearing mice.
Discussion
Although specific internalization of endostatin into endothelial cells has been extensively observed and proved to be important for the biofunctions of endostatin, 18, 19, 24 the mechanism of its internalization still remains undefined. With the use of several complementary approaches, including pharmacologic inhibitors, siRNAs, and dominant-negative mutants (Figures 1-2) , we demonstrate for the first time that internalization of endostatin engages both caveolae/ lipid rafts and clathrin-coated pits. Of note, endostatin internalization is dramatically enhanced by cholesterol sequestration, while being decreased by knocking down Cav1. These observations indicate that the caveola/lipid raft functions not only as an essential constituent required for endostatin clustering and internalization but also as a docking platform, which results in a negative contribution to endostatin uptake efficiency. In comparison, the clathrin-mediated pathway serves as a high-efficiency route for endostatin internalization. Thus, cholesterol sequestration by nystatin disrupts caveolae/lipid rafts, attenuates the competition between distinct endocytic pathways, and triggers the translocation of endostatin from the low-efficiency caveolae/lipid rafts to the high-efficiency clathrin-mediated pathway.
Interestingly, in terms of endocytic machinery, endostatin seems to share common features with a variety of cargos, including endothelin receptor type A, 5 TGF-␤ receptors, 6 B-cell Ag receptor, 7 prion protein, 8 bone morphogenetic protein receptor, 9 and HM1.24. 10 Both caveolae/lipid rafts and clathrin-coated pits are involved in BLOOD, 9 JUNE 2011 ⅐ VOLUME 117, NUMBER 23 For personal use only. by guest on May 24, 2013. bloodjournal.hematologylibrary.org From the endocytic process of the aforementioned proteins. In addition, distinct endocytic pathways can be manipulated and switched from one route to another under certain circumstances. For instance, disruption of caveolae/lipid rafts with cholesterol-sequestering agent triggers displacement of prion protein from lipid rafts into clathrin-mediated machinery and elevates its endocytosis in a human neuroblastoma cell line. 8 Our results, in conjunction with previous studies, underscore the possibility that the previously identified receptors and interacting proteins of endostatin may function in a correlative pattern. (D-E) Biotin-endostatin (4 mg/kg) was intravenously injected into A549 tumor-bearing mice combined with or without 4 mg/kg nystatin. Tumors (n ϭ 4/group) were resected at 3 hours and examined by immunofluorescence using a Nikon A1 microscope (20ϫ/0.75 NA air objective) . Biotin-endostatin and tumor blood vessels were detected by TRITC-streptavidin and anti-CD31 staining (FITC), respectively. Colocalization percentage of endostatin with CD31 (E) was defined as the area of colocalized biotin-endostatin (red pixels) within CD31-possitive blood vessels (green pixels) divided by the total area of blood vessels. *P Ͻ .05 and **P Ͻ .01. Error bars represent SEMs.
Distinct receptors of endostatin form various combinations and complexes, facilitating endostatin internalization through clathrin pathway or caveolae/lipid rafts or both. Particularly, there is a large reservoir of non-raft-localized integrin ␣ 5 ␤ 1 and nucleolin that can undergo clathrin-mediated endocytosis. 13, 39 Such non-raftlocalized integrin ␣ 5 ␤ 1 and surface nucleolin may mediate the clathrin-dependent internalization of endostatin. Meanwhile, raftlocalized endostatin receptors, including integrin ␣ 5 ␤ 1 , Cav1, and heparan sulfate proteoglycans, contribute to endostatin association with caveolae/lipid rafts and mediate subsequent internalization of endostatin through the caveola/lipid raft pathway. Interestingly, Sachais et al 45 demonstrated that platelet factor 4 diverts the uptake of low-density lipoprotein (LDL) and LDL receptor from the coated pits to the inefficient proteoglycan-dependent endocytic pathway. Nassar et al 46 reported that platelet factor 4 markedly promotes the endocytosis and esterification of oxidized LDL. Thrombospondin-1 was also shown to interact with heparan sulfate proteoglycans and LDL receptor-related protein. 47 These findings seem to indicate a shared tendency of angiogenesis inhibitors to form complexes and to associate with distinct endocytic pathways. Further investigation of this interesting feature may help elucidate the regulatory mechanisms of these proteins during angiogenesis or other processes such as atherosclerosis and thrombosis. In contrast to endostatin, the uptake and activity of angiostatin were not affected by nystatin treatment (supplemental Figures 1D  and 4) , presumably because angiostatin is regulated by a different mechanism from that of endostatin. 36 These findings show that nystatin-enhanced endocytosis may not be applicable to all angiogenesis inhibitors. Although it is worth testing more angiogenesis inhibitors such as anginex, thrombospondin, and platelet factor 4, we should consider 2 points: (1) whether the endocytic route of candidate proteins is analogous to that of endostatin and (2) whether the enhanced uptake leads to their promoted activity. For instance, Pilch et al 48 necessary for the activity of anginex, which compromises the possibility to further promote its activity through enhanced internalization.
Our animal experiments confirm that nystatin selectively increases endostatin uptake and biodistribution in tumor tissues and tumor blood vessels but not in normal tissues. Endostatin can be selectively absorbed in tumors and tumor blood vessels, which is because of the highly expressed endostatin receptors, including integrin ␣ 5 ␤ 1 and cell surface nucleolin, in angiogenic endothelial cells in tumors. 24, 25, 49 Nystatin cotreatment regimen significantly increases endostatin absorption in tumor endothelium, resulting in elevated endostatin uptake by tumor blood vessels and entire tumor tissue. In comparison, endostatin uptake by noncancerous tissues is presumably attributed to nonspecific binding, therefore showing little response to nystatin cotreatment. For example, as the major organ for urinary excretion of endostatin, the kidney shows a high uptake level of endostatin ( Figure 5C ), which is in accord with the observation of Yang et al. 49 However, nystatin cotreatment does not cause an evident increase in endostatin uptake in kidney (P ϭ .11) or in other healthy organs of tumor-bearing mice.
In the Rh-endostatin uptake assay, tumor uptake of Rhendostatin exhibits a 4.1-fold increase on nystatin cotreatment, compared with a 1.4-fold increase (also statistically significant) in 125 I-endostatin uptake assay ( Figure 5 ). The different amplifications are presumably because bioluminescence imaging system detects the Rh-endostatin signal of tumor peripheral area, whereas ␥-counter detects the total 125 I-endostatin uptake in the entire tumor tissue. Moreover, the various doses of endostatin (20 mg/kg Rh-endostatin vs 0.25 mg/kg 125 Iodine-endostatin) in the 2 assays may also influence the fold increase of endostatin uptake by nystatin. These data support our subsequent observation that combined treatment with nystatin and endostatin provides a novel approach to enhance the therapeutic efficacies of endostatin.
Nystatin is used not only as an inhibitor of caveola/lipid raft endocytic pathway in cellular biology, but also as a polyene antifungal drug in human patients. Nystatin can be orally and topically administered in humans or intraperitoneally injected in animals. Although the injectable form of nystatin for human use is not available yet, liposomal nystatin has been extensively studied. 50 Our results show that cotreatment with intraperitoneal injection of nystatin remarkably promotes the biodistribution and therapeutic effects of endostatin in tumor-bearing mice. Amphotericin B, another polyene antifungal drug analogous to nystatin, also evidently enhances the uptake and inhibitory effects of endostatin in parallel experiments (supplemental Figures 2-3 ). In addition, soluble amphotericin B can be intravenously administered, whereas intravenous liposomal nystatin is being tested in clinical trials, showing a potential drug combination of endostatin with amphotericin B, in addition to nystatin.
Because recombinant human endostatin has been approved by the State Food and Drug Administration of China for the treatment of non-small cell lung cancer, it is intriguing to further evaluate whether the combined treatment with endostatin and nystatin could enhance endostatin efficacy in clinical studies. In addition, cholesterol sequestration may also regulate the uptake of other proteins whose internalization is similarly mediated by caveolae/lipid rafts and clathrin. The candidate list may include not only the angiogenesis inhibitors but also other functional proteins that are internalized by different cell types. If this is the case, our combined regimen may open a new avenue toward efficient delivery of drugs that include (but are not limited to) antiangiogenesis molecules. Intriguingly, one of our ongoing projects shows that the uptake and biodistribution of some monoclonal Abs that target tumor cells are also enhanced by nystatin cotreatment, supporting the notion that this combined regimen may have broader application in cancer therapeutics.
In conclusion, our study shows that endostatin internalization is mediated by both caveolae/lipid rafts and clathrin-coated pits. Cholesterol sequestration by nystatin switches endostatin translocation from the low-efficiency caveolae/lipid rafts to the highefficiency clathrin-mediated pathway, resulting in promoted internalization and biofunctions of endostatin in endothelial cells. Furthermore, tumor-specific uptake and antiangiogenic and antitumor efficacies of endostatin are also dramatically enhanced by the combined treatment with nystatin. This study, for the first time, points out the possibility that cholesterol sequestration may provide a novel route to enhance the uptake and efficacy of endostatin via regulating distinct endocytic pathways.
